Introduction {#s1}
============

Biological wastewater treatment systems are in essence engineered extensions of natural eutrophic ecosystems. Activated sludge (AS) processes in particular are highly engineered, forced ecosystems that rely almost exclusively on complex microbial communities to catalyse the dominant steps of nitrogen removal. Until quite recently, developments in these wastewater treatment processes have occurred largely without regard to---or a thorough understanding of---the key organisms involved. It is widely acknowledged that further optimisation of AS process stability and performance requires an improved understanding of the relationships between the fundamental microbiology and process engineering aspects of these systems \[[@B1]-[@B4]\]. As such, scientists and engineers should share a common interest in better understanding the functional ecology of wastewater treatment systems in order to better exploit these linkages to satisfy future process design and optimisation objectives \[[@B1]\].

Meaningful insights into the functional ecology of AS systems cannot be obtained by traditional 'bulk parameter' measurements alone; instead they require targeted, high-resolution molecular microbiological methods \[[@B4]\]. Furthermore, traditional culture-based assays such as most probable number and selective cultivation methods for detecting nitrifying microbes in environmental samples are both time-consuming (due to the slow growth rates of these organisms) and erroneous (due to sub-optimal culture conditions), resulting in a misleading representation of the target microbial community. Since the performance of AS processes are largely determined by the nature and activity of resident microbes, developments in microbiological methods and understanding have historically been the limiting factor in advancing this technology. In recent times, molecular biology has revolutionised the way in which key microbial populations are able to be assessed in engineered biological systems and have greatly advanced our understanding of the links between the fundamental microbiology and functional performance of these systems \[[@B1],[@B4]\]. With this in mind, tremendous scope exists for the development of molecular-based monitoring tools for optimising the functional performance of wastewater treatment systems.

The complicated configuration of engineered BNR systems makes controlling process performance difficult and for plants with combined nitrification--denitrification, failure to maintain stable nitrification performance is a well-known problem that stems from the finicky nature of the microbes involved \[[@B3],[@B5]\]. In nitrifying AS, ammonia oxidation is the rate-limiting process and ammonia monooxygenase is the key enzyme involved. The molecular ecology of ammonia oxidation has been most extensively explored by surveying the functional gene (*amoA*) encoding for the α-subunit of ammonia monooxygenase \[[@B6],[@B7]\]---the enzyme responsible for catalysing the first step of ammonia oxidation during primary nitrification. One tool capable of such exploratory analyses is the functional gene microarray (FGA). Microarray technology allows for highly parallel detection and semi-quantitative characterisation of target genes from multiple organisms at a high taxonomic resolution, thereby facilitating the characterisation of complex microbial communities in a wide range of environmental matrices \[[@B4],[@B8]\]. Microarrays offer unique advantages over conventional methods, such as DGGE and T-RFLP. For example, they allow assignment of putative identification to the detected organisms, enable high-throughput analysis not possible with methods such as FISH and conventional clone libraries, and also represent a more simple, lower cost approach than modern next-generation sequencing methodology \[[@B8]\]. In the context of wastewater research, FGAs offer the potential for economical, high-throughput, high-resolution screening of large numbers of samples from different treatment configurations. In return they provide detailed information on the nature of key microbial communities, such as those involved in nitrogen removal, and facilitate the exploration of links between these communities and more conventional indices of treatment performance.

Since DNA microarrays were first used some two decades ago to profile gene expression in *Arabidopsis* \[[@B9]\], only a handful of studies have since applied microarray-based methods to characterise nitrifying communities in AS \[[@B10]-[@B12]\] and none have encompassed archaeal nitrifiers. Accordingly, the aim of this study was to apply a novel, state-of-the-art FGA \[[@B13]\] to characterise both bacterial and archaeal ammonia oxidisers in a full-scale integrated fixed-film media activated sludge (IFAS) plant. The FGA applied here is currently the only operational microarray-based tool comprehensively targeting the entire known diversity of aerobic ammonia-oxidising microbes (both cultivated and un-cultivated).

Methods {#s2}
=======

Plant sampling and description {#s2.1}
------------------------------

Mixed liquor (ML) grab samples and attached biofilm (media) samples were collected on seven occasions from the aeration zone of a full-scale, nitrifying IFAS plant located in metropolitan Adelaide, South Australia between August and November of 2011 (Austral winter--spring). During each sampling event, one litre grab samples of ML and four plastic media carriers were collected and immediately frozen (−80°C) until further processing. A comprehensive description of the study IFAS plant can be found elsewhere \[[@B14]\]. Briefly, the plant was operated in a pre-denitrification--nitrification configuration, with effluent recycling (100--300%) to the front of the plant. Solids retention time (SRT) was 6.7 days, mixed liquor suspended solids (MLSS) was maintained at 2283 mg L^−1^ and the sludge loading rate (SLR) was 0.14 kg BOD~5~ kg MLSS^−1^ d^−1^. Dissolved oxygen levels in the aerobic zones were tightly controlled at 5 mg L^−1^ in the first aerobic zone, followed by 2 mg L^−1^ in the subsequent zone. Molasses was dosed for enhanced denitrification. Summary statistics of IFAS plant operating conditions and performance are given in [Table 1](#pone-0077139-t001){ref-type="table"}. All necessary permits were obtained for the field study described here. Permission to enter the wastewater treatment facility and for the collection of activated sludge samples from the IFAS system was granted by the managing water authority (SA Water Corporation).

10.1371/journal.pone.0077139.t001

###### Summary statistics for the operational and performance data of the study IFAS plant during the four month monitoring period.

         IFAS influent   IFAS mixed liquor   IFAS effluent                                                                                               
  ------ --------------- ------------------- --------------- ------------------------------- ------------ ------- ------------ ------------ ------------ ------------
         (mg L^−1^)      (°C)                (mg L^−1^)      (kg BOD~5~ kg MLSS^−1^ d^−1^)   (mg L^−1^)   \(d\)   (ml g^−1^)   (mg L^−1^)   (mg L^−1^)   (mg L^−1^)
  Mean   42              21                  1225            0.14                            2283         6.67    342          0.60         7.16         11
  Min.   37              20                  1200            0.12                            2190         6.50    303          0.13         5.93         10
  Max.   47              22                  1300            0.17                            2410         6.94    388          2.95         8.20         11

Functional gene microarray (FGA) {#s2.2}
--------------------------------

A state-of-the-art, high-throughput FGA \[[@B13]\] was employed to assess the relative abundance and diversity of both ammonia-oxidising bacteria (AOB) and archaea (AOA) in the nitrifying IFAS samples. Biomass isolated from each sample was used for DNA extraction according to a previously developed method \[[@B15]\] and our methodology here followed that described elsewhere for environmental sample analyses \[[@B13]\]. The microarray consists of a small solid substrate (glass microscope slide) to which a set of targeted oligonucleotide probes is attached. The functional gene of interest (*amoA*) is amplified from DNA extracted from the wastewater samples, fluorescently labelled and is then applied to the FGA under specific conditions to produce fluorescent probe--target duplexes which can be detected and analysed. The FGA \[[@B13]\] targets the functional *amoA* gene encoding subunit A of the ammonia monooxygenase enzyme and is based on a previously developed and proven method for methane-oxidisers \[[@B16]\]. The *amoA* gene in particular is widely recognised as both an effective phylogenetic marker and a specific functional marker for detecting ammonia-oxidising microbes in the environment \[[@B4]\] and has been most extensively studied relative to its enzyme subunit B and C-encoding counterparts (*amoB* and *amoC*) \[[@B7]\]. The FGA targets the entire known diversity of autotrophic AOB and AOA (both cultivated and un-cultivated); the phylogenetic coverage of the FGA is shown in [Figure 1](#pone-0077139-g001){ref-type="fig"}. All raw data is available from the authors upon request.

![Radial phylogenetic trees of: (A) archaeal; and (B) bacterial *amoA* sequences targeted by the FGA (after Abell et al. \[[@B13]\]).](pone.0077139.g001){#pone-0077139-g001}

Real-time polymerase chain reaction (qPCR) {#s2.3}
------------------------------------------

In parallel to microarray analyses, the abundance of bacterial and archaeal *amoA* genes was also assessed for all samples using qPCR according to previously described protocols \[[@B17]\]. Briefly, the abundance of AOB or AOA *amoA* was evaluated in separate assays in triplicate for each sample by comparing to a dilution series of gene copies of known abundance. Measures were taken to ensure there were no confounding effects of PCR inhibitors in the samples and reactions were inspected using agarose gel electrophoresis after each assay.

Statistical analyses {#s2.4}
--------------------

Multivariate statistical analyses of the microarray data was performed using PRIMER 6 (Primer-E, Plymouth, UK). Universal and control probe signals were firstly removed from the analysis and then probe signals were standardised by sample and later square root transformed. Diversity of each group (AOB or AOA) was assessed by comparing the Shannon diversity indices (*H*') of microarray signal outputs for each sample, with higher values corresponding to a higher diversity of the target group in the sample. Non-metric multidimensional scaling (MDS) (1000 permutations) was used to represent community differences between samples. Analysis of similarity (ANOSIM) was also used to test for differences in the structure of AOB and AOA communities between the IFAS media and ML fractions. AOB and AOA community structure was also compared with operational parameters by way of non-parametric BIO-ENV analysis \[[@B18]\] in order to identify operational parameters that were significantly associated with sample similarities of the microbial community. Bivariate correlation analyses were performed in the R package \[[@B19]\] to distil relationships between ammonia oxidiser functional gene abundance and (rolling seven day average) IFAS plant performance.

Results and Discussion {#s3}
======================

IFAS plant ammonia oxidiser ecology {#s3.1}
-----------------------------------

Results from this full-scale investigation represent the first demonstration of a newly-developed FGA for characterising the diversity of both AOB and AOA in activated sludge. [Figure 2](#pone-0077139-g002){ref-type="fig"} illustrates how the results from the FGA analysis are outputted graphically. These figures allow for immediate, semi-quantitative comparison of the relative abundance and diversity of key organisms and as such, provide an intuitive and comprehensive first assessment of temporal shifts in ammonia-oxidising communities.

![FGA results showing temporal changes in ammonia oxidisers in the mixed liquor (top) and media (bottom) fractions of the surveyed IFAS plant: (A) AOB; (B) AOA.\
Colour gradient (blue--yellow--red) depicts relative abundance on log scale (0--0.1--1.0 respectively).](pone.0077139.g002){#pone-0077139-g002}

As anticipated, the AOB community across all samples was strongly represented by species of *Nitrosospira* and *Nitrosomonas* ([Figure 2A](#pone-0077139-g002){ref-type="fig"}); these organisms are widely considered to be the two most important genera of AOB in many biological nitrogen removal systems including AS \[[@B4]\]. Aside from this more conventional insight, the AOB community was also found to be strongly represented by members of uncultivated clades ([Figure 2A](#pone-0077139-g002){ref-type="fig"}). This observation has important practical implications for past and also future investigations into the ecology of nitrifiers in wastewater environments, since uncultivated organisms may be unaccounted for by conventional molecular approaches (e.g., FISH and other 16S-based methods) due to an unknown and likely highly divergent 16S rRNA gene affiliation that makes it next to impossible to identify the physiology of these organisms. Failure to recognise and account for this in future such research may result in a distorted picture of the resident communities of interest. [Figure 2A](#pone-0077139-g002){ref-type="fig"} also shows that despite being confined to several dominant genera, the IFAS reactor AOB community was relatively diverse in terms of the number of phylotypes represented (mean *H'* of 3.3 and 3.1 for ML and media AOB respectively). Others have suggested that particularly high and low NH~4~ ^+^-N concentrations generally constrain AOB diversity in wastewater systems \[[@B5]\] such that the relatively high AOB diversity here may be a consequence of the moderate NH~4~ ^+^-N levels in our domestic wastewater ([Table 1](#pone-0077139-t001){ref-type="table"}). In terms of the distribution of AOB between the two sub-compartments of the IFAS reactor (i.e. ML and media), the FGA output identified similar community ecologies; this can be seen qualitatively in the apparent 'mirroring' of the upper and lower panes of [Figure 2A](#pone-0077139-g002){ref-type="fig"} and is further reflected in the lack of separation of the two reactor compartments during multivariate ordination (R = 0.07, *p* \> 0.1; [Figure 3A](#pone-0077139-g003){ref-type="fig"}) as well as the similar community diversities (1-way ANOVA; *p* = 0.66).

![MDS analysis of square root-transformed microarray data, comparing AOB (A) and AOA (B) in complementary mixed liquor (ML) and IFAS media (Media) fractions.\
Stress values for ordination are shown in the upper right corner of each plot.](pone.0077139.g003){#pone-0077139-g003}

The AOA community in the ML phase was dominated by organisms related to *Nitrosopumilus maritimus*; these organisms were also highly abundant in the IFAS media ([Figure 2B](#pone-0077139-g002){ref-type="fig"}). AOA grouping with *Cenarchaeum symbiosum*, whilst abundant in the IFAS media, were rarely detected in the mixed liquor ([Figure 2B](#pone-0077139-g002){ref-type="fig"}). AOA found exclusively in the mixed liquor included groups related to *Nitrososphaera gargensis* and other organisms closely related to Archaea previously isolated from soil and sediment environments. Results here for AOA community composition broadly reflect those of prior wastewater treatment investigations \[[@B7],[@B20]-[@B22]\]. Contrasting [Figure 2B](#pone-0077139-g002){ref-type="fig"} with [Figure 2A](#pone-0077139-g002){ref-type="fig"}, diversity in the AOA community was observed to be somewhat constrained relative to that of AOB ([Table 2](#pone-0077139-t002){ref-type="table"}); although this trend was significant only for the ML fraction (1-way ANOVA; *p* = 0.03). These results echo the findings of wastewater research internationally \[[@B21]-[@B23]\] wherein the diversity of AOA *amoA* sequences recovered from a given treatment system has generally been low. This finding may also serve to complement broader environmental observations of a tendency for strong habitat-partitioning of archaeal *amoA* diversity \[[@B20],[@B23]\] and the emerging consensus of preferential niche specialisation in AOA \[[@B6],[@B24],[@B25]\].

10.1371/journal.pone.0077139.t002

###### Results from temporal qPCR analyses of bacterial (AOB) and archaeal (AOA) *amoA* copy numbers in the respective IFAS plant fractions

(mixed liquor (ML; copies ml^−1^) and media (Media; copies cm^−2^ of surface area) given alongside relevant plant performance data.

  Sample month   AOB - ML    AOA - ML    AOB - Media   AOA - Media   NH~4~ ^+^-N^[a](#ngtab2.1){ref-type="table-fn"}^   NO~3~ ^−^-N^[a](#ngtab2.1){ref-type="table-fn"}^   % NH~4~ ^+^-N removal                                                                   
  -------------- ----------- ----------- ------------- ------------- -------------------------------------------------- -------------------------------------------------- ----------------------- ----------- ------ ----------- ----------- ------ ------ ------ ------
  Aug.           2.9×10^6^   8.0×10^2^   3.42          1.6×10^5^     4.3×10^1^                                          3.15                                               1.4×10^5^               3.0×10^2^   3.41   2.5×10^5^   5.3×10^2^   3.22   0.13   7.50   99.7
  Sept.          5.5×10^6^   1.2×10^3^   3.26          2.9×10^5^     6.5×10^1^                                          3.43                                               2.0×10^5^               2.6×10^2^   2.83   1.1×10^4^   1.5×10^1^   3.20   0.43   8.18   99.1
  Sept.          4.7×10^6^   1.0×10^3^   3.17          2.2×10^5^     4.8×10^1^                                          2.62                                               6.5×10^4^               1.6×10^2^   2.87   1.0×10^5^   2.6×10^2^   3.28   2.95   5.93   92.1
  Oct.           4.4×10^6^   1.9×10^3^   3.30          1.7×10^5^     7.5×10^1^                                          3.08                                               8.4×10^4^               1.7×10^2^   3.23   6.4×10^4^   1.3×10^2^   3.25   1.83   6.13   95.7
  Oct.           3.7×10^6^   1.4×10^3^   3.19          2.0×10^5^     7.6×10^1^                                          2.76                                               1.1×10^5^               2.3×10^2^   3.34   3.0×10^5^   6.3×10^2^   3.59   0.85   6.93   97.8
  Nov.           1.2×10^6^   7.3×10^2^   3.21          7.4×10^4^     4.8×10^1^                                          2.53                                               1.3×10^5^               3.5×10^2^   3.14   1.1×10^5^   3.0×10^2^   3.66   1.03   7.15   97.4
  Nov.           1.3×10^6^   5.4×10^2^   3.31          1.2×10^5^     5.0×10^1^                                          2.88                                               1.1×10^5^               3.1×10^2^   3.02   8.1×10^4^   2.3×10^2^   3.16   0.24   7.25   99.4

Dissolved nitrogen concentration in IFAS plant final effluent (mg L^−1^).

Despite the rapidly expanding body of international research into the Thaumarchaeota, we are only just beginning to probe the general ecophysiology, metabolic and biogeochemical functionality of these organisms. The contribution of AOA to nitrogen removal during wastewater treatment operations in particular remains largely unexplored and is poorly understood. Results from our analysis demonstrate the persistence of AOA in all collected samples and echo recent international findings \[[@B22],[@B26],[@B27]\], suggesting that these organisms are not only widespread but are likely contributors to the processing activity of some urban wastewater treatment operations. At the same time, geographically-integrated surveys of wastewater treatment operations have demonstrated a patchy distribution of (putative) archaeal ammonia oxidisers between study sites \[[@B21],[@B28]\], indicating that AOA are more important for nitrogen removal at some treatment plants than others. At the same time, the metabolic fundamentals of so-called '*amoA*-encoding' AOA remain unclear. For example, Mußmann et al. \[[@B28]\] have suggested that some AOA are not true autotrophic ammonia oxidisers, while other research indicates a capacity for mixotrophic growth \[[@B29]\] or confirms obligate chemolithoautotrophy among AOA \[[@B30]\]. From a functional ecology perspective, results from the FGA analysis here indicate that an unknown portion of the ammonia-oxidation load in this IFAS plant is likely to be undertaken by ammonia oxidisers that are currently ignored or at best vastly under-represented by many commonly applied analytical methods. Moreover, an unknown fraction of ammonia oxidation in this system is being performed by species of AOB and AOA about which we know very little. These finding have significant practical implications for any future studies aimed at better understanding the functional ecology of wastewater systems in general and highlights the need to apply broad-spectrum ecological tools such as the FGA here in order to capture the full diversity of key communities of interest.

Temporal and spatial ammonia oxidiser dynamics {#s3.2}
----------------------------------------------

[Figures 2A and B](#pone-0077139-g002){ref-type="fig"} demonstrate how the FGA allows for the rapid detection of temporal shifts in the composition of target microbial communities. For example, it can be quickly established that temporal changes in AOA communities during the four month monitoring program were most pronounced in the ML phase whereas the attached biofilm community of the IFAS media was comparatively stable ([Figure 2B](#pone-0077139-g002){ref-type="fig"}). This qualitative observation was supported by a significant divergence in AOA community diversity between the two reactor compartments (1-way ANOVA; *p* \< 0.01). While the exact origins of this observation remain unclear, we suspect it is a product of the physical configuration of the IFAS reactor and also an assumed preference for media-attached growth in AOA relative to suspended ML growth---aspects discussed in more detail below.

In contrast to the trends described for AOA above, more notable temporal shifts in the AOB community were observed not only in the ML but also in the media fraction ([Figure 2A](#pone-0077139-g002){ref-type="fig"}). The most apparent shifts were seen for AOB of the genera *Nitrosospira* and *Nitrosomonas* in both the ML and media fractions of the IFAS reactor. Various uncultivated AOB were also well represented in both the ML and media communities and were present across many of the sampling intervals, especially within the ML phase. How much of these observed dynamic shifts in AOA and AOB communities resulted from allochthonous microbial influx of sewage-borne populations and how much is driven *in situ* through variations in reactor operating conditions (at both daily and sub-daily timescales) remains unknown; the raw influent wastewater was not monitored for ammonia oxidisers. The factors shaping AOA and AOB community succession in AS systems of all configurations and their relationship to plant performance parameters should be the subject of further investigation.

Results from multivariate analyses contrasting AOB and AOA communities within the suspended ML and attached media fractions of the IFAS plant are given in [Figures 3A and B](#pone-0077139-g003){ref-type="fig"} respectively. As indicated during earlier discussions of the graphical FGA outputs ([Figure 2A](#pone-0077139-g002){ref-type="fig"}), results of this analysis confirmed that bacterial ammonia oxidiser communities of both IFAS reactor fractions were indeed similar (R = 0.065, *p* \> 0.1; [Figure 3A](#pone-0077139-g003){ref-type="fig"}), suggesting a relatively homogeneous distribution of resident AOB throughout the entire IFAS reactor. Conversely, results from the parallel AOA analysis showed that the ML and media biofilm fractions were significantly different in their archaeal ecologies (R = 0.55, *p* \< 0.01; [Figure 3B](#pone-0077139-g003){ref-type="fig"}). This analysis provided further quantitative support for the assertions made earlier regarding the contrasting nature of ML and media-attached AOA communities as revealed by the FGA ([Figure 2B](#pone-0077139-g002){ref-type="fig"}) and again suggest a strong divergence in AOA community ecology between the two reactor compartments.

It is difficult to put the above observations in a broader literature context, since we are unaware of any comparably comprehensive investigations of ammonia oxidiser ecology in IFAS systems; we reiterate that prior studies of nitrifiers in IFAS systems have neglected AOA \[[@B3],[@B31]-[@B35]\]. It is tempting to speculate, however, that the environmental conditions likely to persist within the IFAS media biofilm (i.e. strong vertical gradient of substrate O~2~ and NH~4~ ^+^-N and possibly elevated C/N ratio) may drive niche differentiation of AOA over AOB. This hypothesis is in part supported the growing evidence base indicating that AOA are more competitive under low NH~4~ ^+^-N and/or low O~2~ conditions in wastewater treatment situations \[[@B21],[@B22],[@B27],[@B36],[@B37]\] as well as in other aquatic environments \[[@B38]\]. These observations are further supported by the recognised substrate mass transfer limitations in IFAS media biofilms \[[@B33],[@B39]\] and the comparatively lower half-saturation constants of AOA for substrate NH~4~ ^+^-N and O~2~ \[[@B25],[@B37],[@B40]\]. Another possible explanation for the observed preference of AOA for media-attached growth relates to the physical configuration and operation of IFAS plants, wherein the presence of attached-growth biomass yields an inherently longer sludge age (SRT) for these systems relative to the ML phase \[[@B34]\], potentially providing enhanced opportunities for slower growing/less-competitive AOA to establish. Elsewhere, SRT has been shown to correlate positively with archaeal *amoA* recovery from activated sludge systems \[[@B21]\]. The overall effect of these factors is either an environmental niche preference of AOB for suspended growth and/or competitive displacement of AOB by AOA within the media-attached biofilm. In the context of our study system, the stark physicochemical differences between the suspended ML phase and IFAS media environments (e.g., substrate O~2~ and NH~4~ ^+^-N availability alongside obvious physical differences) are most likely having a determining influence on the ammonia oxidiser ecology of the two reactor compartments. To what extent the augmented environmental niche diversity in IFAS systems relates to ecophysiological niche diversity in ammonia oxidiser communities, and what effect this then has on reactor operation, performance and stability remains unclear; others report improved nitrification capacity and stability in IFAS relative to parallel conventional AS \[[@B34]\]. An improved understanding of these factors should ultimately have real implications for the operation and performance of these treatment systems.

Functional community diversity versus IFAS plant performance {#s3.3}
------------------------------------------------------------

Exploratory multivariate analysis of the composition of AOB and AOA communities showed no obvious relationships between community composition and the operational plant performance variables of [Table 1](#pone-0077139-t001){ref-type="table"} (BIO-ENV, *p* \> 0.05). Contrasting [Figure 2A and 2B](#pone-0077139-g002){ref-type="fig"} with the process performance data of [Table 1](#pone-0077139-t001){ref-type="table"} and [2](#pone-0077139-t002){ref-type="table"} reveals some considerable temporal shifts in AOB and AOA community composition against a backdrop of consistently high nitrification performance (mean NH~4~ ^+^-N removal \>97%). These findings imply either some degree of functional redundancy in AOB and/or AOA communities in the study IFAS reactor (i.e. surplus nitrification capacity), or may be an artefact of dataset size and/or monitoring duration. Recent work by Valentín-Vargas et al. \[[@B41]\], for example, suggests an important role for functional redundancy in microbial communities in the maintenance of functional stability during AS treatment. Furthermore, key operational parameters here were very tightly controlled or exhibited little natural variation ([Table 1](#pone-0077139-t001){ref-type="table"}) such that reactor conditions may not have been sufficiently dynamic to reveal measurable links between community composition and process performance.

Following a long-term whole-of-community survey of AS bacterial ecology at the full-scale, Wells et al. \[[@B42]\] suggest that microbial communities may simply exhibit a baseline of moderate population dynamics not necessarily reflected in plant performance, with periodic dramatic shifts in community structure possibly impacting on the functional stability and process performance of these systems. While operational and environmental factors do have a determining influence on the ecology of AS communities, random immigration and chance effects may also play a dominant role in shaping ammonia oxidiser communities in these systems \[[@B43]\]. Earlier, Briones and Raskin \[[@B1]\] presented evidence to suggest that the levels of individual microbial populations fluctuate irrespective of the functional stability of a bioreactor community. More recent work, however, has found evidence of deterministic factors shaping microbial communities in full-scale AS reactors \[[@B41]\]. Despite this research, the extent to which diversity in functional microbial communities influences the functional stability and/or performance of engineered bioreactors remains largely unresolved \[[@B1],[@B4],[@B41],[@B42],[@B44]\]. To further distil these factors, studies are needed contrasting functional microbial diversity with plant performance parameters during non-steady-state operating conditions (e.g., commissioning phase or during significant process oscillations and/or failures), ideally at full-scale. Extended monitoring programs are also required to better encapsulate possible seasonal dimensions in the above.

Functional gene abundance versus IFAS plant performance {#s3.4}
-------------------------------------------------------

Since the FGA provides information on the proportional abundance of different ammonia oxidisers rather than absolute abundance, parallel qPCR of bacterial and archaeal *amoA* genes in both reactor fractions was performed to further distil possible relationships between ammonia oxidiser abundance and plant performance. These results are presented in [Table 2](#pone-0077139-t002){ref-type="table"}. AOB and AOA functional gene abundance in both the ML and IFAS media was quite stable throughout the four month monitoring period, fluctuating by less than one order of magnitude during this time. Observed mixed liquor *amoA* gene abundances for AOA and AOB here (^≈^10^5^--10^6^ ml^−1^) ([Table 2](#pone-0077139-t002){ref-type="table"}) were also within the range of those reported elsewhere for activated sludge bioreactors (^≈^10^4^--10^8^ ml^−1^) \[[@B27],[@B37]\]. Since the primary ML and media gene abundance data are presented in different units (i.e. volumetric versus areal), data are also presented per unit DNA. A comparison of the bacterial-to-archaeal *amoA* gene ratios in the ML with those of the IFAS media biofilm ([Table 2](#pone-0077139-t002){ref-type="table"}) reveals a divergence in relative ammonia oxidiser functional gene abundance between these reactor compartments. For the ML phase, the mean ratio of AOB *amoA*/AOA *amoA* was ^≈^19:1 whereas for the media biofilm, the same ratio was one order of magnitude lower at just 3:1. These results indicate on the whole that AOB functional genes predominate throughout the IFAS reactor and that this dominance is markedly more pronounced in the ML phase than in the media. Interestingly, *amoA* abundance for AOB and AOA was positively correlated in the ML phase of the plant (*r* = 0.93; *p* = 0.003) but no such relationship was observed for the media fraction (*p* \> 0.7).

Contrasting these results with those described earlier ([Figure 2B](#pone-0077139-g002){ref-type="fig"}) it appears that AOA inhabiting the IFAS media biofilm may be functionally different to those in the ML. Earlier analysis of the FGA data ([Figure 3B](#pone-0077139-g003){ref-type="fig"}) revealed that ML and media biofilm fractions were significantly different in their archaeal ecologies; this observation is supported in principle by qPCR data here in terms of the strong divergence in AOB/AOA *amoA* ratios between the two reactor compartments ([Table 2](#pone-0077139-t002){ref-type="table"}) combined with the absence of AOB--AOA *amoA* covariance for IFAS media data only. Earlier we described how exploratory multivariate analyses revealed no obvious (*p* \< 0.05) relationships between ammonia oxidiser community composition and operational plant data. Subsequent correlation analyses, however, revealed some apparent relationships between relevant indices of plant nitrification performance (% NH~4~ ^+^-N removal and effluent NO~3~ ^−^-N concentration) and media biofilm AOB *amoA* abundance ([Table 2](#pone-0077139-t002){ref-type="table"}) (*p* = 0.03 and *p* \< 0.001 respectively).

Comparable research in this area generally reports a trend of greater AOB abundance and/or nitrification activity in IFAS media relative to the ML fraction \[[@B33],[@B34],[@B45]\]; although this trend is apparently not universal (e.g., Li et al. \[[@B32]\]). The above correlations, in particular the positive association between media biofilm AOB *amoA* abundance and %NH~4~ ^+^-N removal, complement the general findings of prior IFAS studies. In the context of our IFAS system, however, these relationships seem somewhat counterintuitive given the notably skewed ML fraction dominance of AOB described above and may indicate a degree of functional redundancy in mixed liquor AOB communities here. Interestingly, others suggest that functional redundancy in microbial communities may be important for maintaining functional stability in AS performance \[[@B41]\]. The lack of detectable relationships between archaeal *amoA* abundance and plant performance data also brings into question the contribution made by AOA to ammonia oxidation in our IFAS reactor; the role of AOA here is particularly unclear in the context of recent research indicating that not all AOA are obligate chemolithoautotrophs \[[@B28],[@B29]\]. Adding another layer of complexity to the above interpretations is the fact that there are notable differences in organism size, cellular NH~4~ ^+^-N oxidation capacity and per-cell functional gene abundance between AOB and AOA (i.e. AOA are between 10 and \>100-fold smaller than known AOB, have much lower per-cell NH~4~ ^+^-N oxidation activities and contain only one *amoA* copy as compared to 2--3 *amoA* copies per cell for AOB) \[[@B29],[@B46]\]. The above issues, combined with the possibility of AOB or AOA groups that are unaccounted for by currently used PCR primer sets \[[@B24]\] makes tenuous any plant performance inferences drawn solely from bacterial--archaeal *amoA* gene abundance data at the present time. Robust future assessments of this nature will require assays of relative physiological activity between the two groups (e.g., via stable isotopes or mRNA transcript analyses) in parallel to comprehensive ecological data from tools such as the FGA here.

Against the backdrop of apparently similar AOB community ecologies in both ML and media fractions, these results serve to demonstrate the dynamic nature of biological interactions between the two IFAS reactor compartments, wherein changes in the relative abundance of AOB and AOA in both phases are not necessarily reflected in community diversity and *vice versa*. Results here contrasting the FGA outputs with quantitative functional gene abundance data of qPCR highlight the fact that neither approach will encompass both aspects of community change when used in isolation. If, as speculated, community diversity is indeed an important factor in bioreactor performance \[[@B1],[@B4]\], then abundance measures alone may fall short of explaining observed variations in plant performance. As such, FGA and qPCR should be viewed as complementary tools and should ideally be used in an integrated manner to gain a more holistic understanding of the ecological underpinnings of wastewater treatment process performance.

Practical applications of the FGA {#s3.5}
---------------------------------

Results presented here demonstrate the novel ammonia oxidiser FGA to be an effective and promising monitoring tool for assessing the diversity and relative abundance of AOB and AOA in nitrifying activated sludge. The potential benefits arising from the application of molecular biology tools to better understand wastewater treatment processes have been recognised for some time. In particular, diagnostics and troubleshooting for improved reliability of engineered treatment systems are seen as the first and perhaps most promising applications for these tools \[[@B1],[@B2],[@B4]\]. There is considerable current interest in microarrays in particular as the tool of choice for activated sludge monitoring; this relates to their inherent advantages over other molecular techniques, including ease of analysis, high-throughput and low cost \[[@B4],[@B8],[@B47]\]. These combined advantages make the microarray particularly suited to routine monitoring of highly dynamic environments such as wastewater bioreactors, where rapid, high-throughput analyses are required for process control purposes. Longer-term industry benefits may emerge from the integration of rapid, sensitive and potentially standardised tools such as FGAs into more routine monitoring programs and will come in the form of an improved fundamental understanding of the microbiology and microbial ecology of engineered systems and subsequent improvements in process design and operational performance.

While the physicochemical outcomes of complex biological interactions within activated sludge systems are well characterised by mechanistic models, these tools have been constructed from a broad information base---often without a 'microbial community' \[[@B1],[@B4]\]---and hence are designed to model a suite of generic parameters, frequently under steady-state conditions \[[@B48]\]. The broad spectrum 'equilibrium' nature of these models in particular makes them less capable of predicting plant performance under the inherently dynamic, non-steady-state at which engineered bioreactors operate \[[@B42]\] or under situations of notable operational instability or malfunction \[[@B1]\]. Prior investigations into the ecology of ammonia oxidisers in wastewater treatment systems internationally have demonstrated the overtly site-specific nature of these communities; community composition and diversity often varies widely from site-to-site and there is a growing body of evidence for tight habitat--phylogeny associations in AOA specifically. The broad spectrum, spatially-integrated nature of current approaches for designing, operating and optimising activated sludge systems do not allow for detailed insights into the nature of individual treatment systems at the community level. Such insights can only be gained through comprehensive characterisations of functional microbial ecology on a case-by-case basis and these investigations will require tools like the FGA described here.

Ecology is widely considered to be the long-term intellectual foundation for furthering the development of bio-engineered technologies for wastewater treatment \[[@B2]-[@B4]\]. A comprehensive understanding of the microbial ecology of AS systems should ultimately provide a better understanding of how microbial ecology relates to process stability and performance of these systems and may ultimately allow engineers to fully exploit these technologies through informed manipulations of particular operational and/or design parameters. Demonstration projects using FGAs to successfully troubleshoot AS systems will be the next stage in documenting the immediate value of these tools to bioprocess engineers.

Conclusions {#s4}
===========

A novel functional gene microarray targeting ammonia oxidisers (bacterial and archaeal) was applied to probe the functional ecology of a full-scale integrated fixed-film activated sludge plant. From a practical perspective, the novel FGA tool performed well in the environmental wastewater sample matrices tested. AOA were found to be ubiquitous in all IFAS reactor samples analysed; this is in contrast to some prior studies which have failed to recover archaeal ammonia oxidisers from wastewater systems. AOB diversity was shown to be similar in the ML and media fractions of the IFAS reactor, whereas AOA community diversity was found to differ significantly between the two reactor compartments. Contrasting analysis of amoA functional gene abundance by qPCR revealed a dominance of AOB over AOA in the ML phase; however, this trend was moderated in the media fraction despite the apparent functional importance of media-attached AOB to IFAS plant nitrification performance. Overall results from this study demonstrate the capability of the FGA as a rapid, high resolution, high-throughput ecological monitoring tool for studying key microbial communities in nitrifying activated sludge and indicate its potential future value as a tool for better understanding the links between ecology and performance in advanced biological wastewater treatment systems.
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